Natural killer (NK) cell responsiveness in the mouse is determined in an education process guided by inhibitory Ly49 and NKG2A receptors binding to MHC class I molecules. It has been proposed that inhibitory signalling in human NK cells involves Abl-1 (c-Abl)-mediated phosphorylation of Crk, lowering NK cell function via disruption of a signalling complex including C3G and c-Cbl, suggesting that NK cell education might involve c-Abl. Mice deficient in c-Abl expression specifically in murine NK cells displayed normal inhibitory and activating receptor repertoires. Furthermore, c-Abl-deficient NK cells fluxed Ca 2+ normally after triggering of ITAM receptors, killed YAC-1 tumour cells efficiently and showed normal, or even slightly elevated, capacity to produce IFN-c after activating receptor stimulation. Consistent with these results, c-Abl deficiency in NK cells did not affect NK cell inhibition via the receptors Ly49G2, Ly49A and NKG2A. We conclude that signalling downstream of murine inhibitory receptors does not involve c-Abl and that c-Abl plays no major role in NK cell education in the mouse.
Introduction
Natural killer (NK) cells are large granular lymphocytes belonging to the group 1 of innate lymphoid cells [1] . NK cells secrete cytokines, such as IFN-c, and perform cytotoxicity to control viral infections and malignant transformation. From having been considered innate, NK cells were recently demonstrated to exhibit an adaptive, or memory-like, phenotype [2] , suggesting that NK cells are regulated in a more complex way than previously thought.
NK cells express many different activating and inhibitory receptors at the cell surface, whose intracellular signals integrate to generate a balanced functional output.
Activating receptors recognize ligands induced by stress, malignant transformation and pathogen invasion [3] . Inhibitory receptors, such as Ly49 receptors in mice and KIR (killer-immunoglobulin receptors) in humans, recognize major histocompatibility complex (MHC) class I on surrounding cells [4, 5] . When target cells lack MHC class I molecules, or express MHC class I molecules of the wrong type, NK cell may become activated and mediate 'missing self' killing [6] . Importantly, MHC class I molecules not only determine target cell killing but also guide a process called 'NK cell education', which empowers NK cells with functional capacity [7] . During NK cell education, inhibitory and activating signals are balanced, which sets a triggering threshold in individual NK cells that matches the inhibitory input [7] [8] [9] [10] [11] . The molecular signals that control NK cell education are poorly characterized and identifying them may facilitate the development of strategies to modulate NK cell activity, either enhancing or decreasing their activity.
Signalling downstream of the NK cell receptors proceeds through different pathways depending on which receptors that are activated. Some activating receptors use classical ITAM-dependent signalling pathways, while other receptors, such as NKG2D, mediate NK cell activation via direct coupling to the PI3K pathway with the adaptor molecule DAP10 [12] . Irrespective of which pathways are engaged, inhibitory NK cell receptors exert dampening influences by targeting key players in the signalling pathways. The most studied mechanism of NK cell inhibition via Ly49 and KIR receptors is an active dephosphorylation of the guanine nucleotide exchange factor Vav-1, a process catalysed by the inhibitory receptorassociated phosphatase SHP-1 [13] . Other phosphatases, such as SHIP, have also been implied in inhibitory NK cell signalling [14] . Mice lacking SHP-1 or SHIP specifically in NK cells were recently created. NK cell function was deficient in both these mice, implying non-redundant roles for SHP-1 and SHIP in NK cell education [10, 11] .
A role for the non-receptor tyrosine kinase c-Abl in lymphocyte function was suggested from early work with c-Abl-deficient mice, in which c-Abl was shown to control B and T cell development [15] . Conditional deletion of c-Abl in T cells revealed an involvement of c-Abl in a variety of T cell properties such as actin remodelling and immune synapse formation [16] [17] [18] . A role for c-Abl in NK cell function is unclear. Foetal liver chimeric mice containing a c-Abl-deficient haematopoietic compartment showed normal development of NK cells and an unaffected capacity of NK cells to kill YAC-1 lymphoma cells and MHC class I-deficient Con A blasts [19] . In contrast, Peterson and Long showed that in human NK cells, c-Abl phosphorylated the adapter molecule Crk, leading to its dissociation from c-Cbl and C3G [20] , dampening NK cell activation [21] . Thus, c-Abl was proposed to be actively involved in inhibitory signalling downstream of KIR receptors.
We generated mice with a disrupted c-Abl gene in NKp46-positive cells to test whether c-Abl was involved in inhibitory signalling, and consequently in NK cell education, in the mouse. We could not confirm a role for c-Abl in controlling inhibitory function of of three inhibitory NK cell receptors. Consequently, NK cell education appeared unaltered in mice lacking c-Abl in NK cells. In contrast, c-Abl-deficient NK cells actually showed a small increase in IFN-c secretion and degranulation after triggering of ITAM-dependent activating receptors, suggesting that c-Abl may impose weak dampening effects on NK cell activation independently from inhibitory receptor signalling.
Material and methods
Mice. All mice were bred and housed at the animal facility at Karolinska Institutet, Huddinge, Sweden. Mice used for experiments were of 6-10 weeks of age. C57Bl/6 (B6) mice were purchased from Jackson laboratory. iNcreCre +/À (Cre +/À) mice were described previously [22] , as were c-Abl fl/fl mice [23, 24] . Breedings, experimental procedures and mouse handling were performed according to the animal ethics guidelines prescribed by Karolinska Institutet and the Karolinska University Hospital. The procedures were approved by the Stockholm branch of the national animal ethics committee in Sweden (Stockholm S€ odra Djurf€ ors€ oksetiska N€ amnd).
Antibodies and flow cytometry analysis. In vitro antibody/cytokine stimulation assay. Twenty-four well plates were coated overnight at 4°C in PBS with 20 lg/ ml purified anti-NK1.1 (PK136, eBiosciences, Stockholm, Sweden) and anti-NKp46 (polyclonal; R&D systems, Minneapolis, USA). A single-cell splenocyte suspension was subsequently prepared, and NK cells were enriched using a negative selection kit (MACS Miltenyi Biotec, Lund, Sweden). NK cells (4 9 10 5 to 5 9 10 5 cells) were stimulated for 6 h at 37°C in RPMI+10% FCS. CD107a (BD Pharmingen, Stockholm, Sweden) was added (1:300 dilution) to the culture during stimulation. After 1 h of stimulation, GolgiPlug TM Protein Transport Inhibitor diluted 1:1000 (BD Pharmingen, Stockholm, Sweden) was dispensed into the culture. 1 lg/ml of phorbol-12-myristate-13-acetate (PMA; Sigma, Aldrich, Stockholm, Sweden) plus 0.25 lg/ml of ionomycin (Sigma, Aldrich, Stockholm, Sweden) was used for positive control and PBS alone for negative control. For cytokine stimulation, IL-18 (1 ng/ml) plus IL-12 (1 ng/ml) was used. After stimulation, staining was performed as described above. For intracellular staining, cells were fixed and then permeabilized using Cytofix/ Cytoperm kit (BD Pharmingen, Stockholm, Sweden), followed by staining with anti-IFN-c (XMG1.2).
Calcium fluorometry. Freshly enriched splenic NK cells were incubated in vitro with 20 lg/ml purified anti-NK1.1 (PK136). Antibody-coated NK cells were stained at 4°C in HBSS+1%FCS and probenecid with the calcium indicator dye Fluo-4 (Life Technologies, Stockholm, Sweden). Events were recorded for 30 s in the flow cytometer, after which purified Goat-Anti-Mouse IgG (H + L) Polyclonal Antibody (Jackson Immunoresearch, PA, USA) (20 lg/ml) was added. Measurement of realtime iCa 2+ mobilization was subsequently performed for up to 4 mins. Receptor-induced iCa 2+ mobilization was quantified by determining the area under the curve (AUC) over time using the FlowJo software.
51 Chromium release assay. YAC-1 cells were incubated for 1 h in the presence of Na 2 51 CrO 4 (PerkinElmer Life and Analytical Sciences, Waltham, MA, USA) and then washed in PBS. Isolated Cre+/À c-Ablfl/fl and Cre+/À cAbl+/fl mice NK cells were then mixed with YAC-1 cells at different E:T ratios. After 4 hrs of incubation at 37°C, cell culture supernatants were analysed on a c radiation counter (Wallac Oy, Turku, Finland). Specific lysis was calculated according to formula: % specific lysis = (experimental release À spontaneous release)/(maximum release À spontaneous release) 9 100.
Statistics. Statistical significance was calculated using Mann-Whitney U tests and t-test analysis of variance with Bonferroni correction (Prism 5; GraphPad software, CA, USA).
Results
Mice with NK cell-specific deletion of the c-Abl kinase
We crossed iNCRCre+ (Cre) mice, in which the expression of the Cre recombinase is driven by the NK cell-specific NKp46 promoter [22] to mice with a floxed c-Abl gene [16] . We confirmed the specificity of the c-Abl deletion by sorting NK cells and T cells from wild-type B6 mice, Cre+/À c-Abl +/fl and Cre+/À c-Abl fl/fl mice and exposing DNA from these cells to two PCR reactions, one that amplifies only the recombined c-Abl gene (PCR 1) and one that separates the wild-type and non-recombined floxed c-Abl alleles (PCR 2). In c-Abl +/fl mice, T cells showed no band using PCR 1 and two bands using PCR 2, confirming the lack of Cre-mediated deletion (Fig. 1A) . In DNA from sorted NK cells, PCR 1 amplified a recombined band and PCR 2 amplified a wild-type band only, suggesting a complete recombination of the floxed c-Abl allele (Fig. 1A) . A similarly pattern was seen in c-Abl fl/fl NK cells expressing the Cre transgene (Fig 1A) .
To confirm that deletion of the c-Abl gene was followed by lack of c-Abl gene expression, we analysed c-Abl mRNA expression in sorted NK cells and T cells from our mice using quantitative real-time PCR. Data from T and NK cells from B6 mice were used as controls and were normalized to a value of one. As expected, c-Abl expression was detected in all samples except in NK cells from c-Abl fl/fl mice expressing the Cre transgene (Fig. 1B) . Notably, c-Abl expression in NK cells from c-Abl +/fl mice was somewhat reduced compared to B6 mice, suggesting a gene-dose effect (Fig. 1B) . We did not investigate additional tissues and cell types, but based on our specificity analysis using T cells and on published data using the same Cre-expressing mouse line bred to mice expressing other floxed target genes [10, 11, 22] , we conclude that NK cellspecific deletion of c-Abl was achieved. (Fig. 2A) . There was a trend towards slightly higher numbers of NK1.1+CD3-cells in Cre+/À c-Abl fl/fl mice in comparison with Cre+/À c-Abl +/fl mice, but the difference was not statistically significant (Fig. 2) .
NK cells acquire maturation markers (CD27/CD11b) during their developmental programme, which is crucial for their effector function [25] . Upon analysis of different stages of splenic NK cell maturation, we found similar frequencies of CD27 low CD11b low (immature), CD27 high CD11b low (more mature) and CD27 low CD11b high (most mature) cells in Cre+/À c-Abl fl/fl mice compared to control mice (Fig. 2B) . Thus, c-Abl is dispensable for the generation of normal numbers of NK cells and for their acquisition of conventional maturation markers.
The cell surface expression or activating and inhibitory receptors are unaltered in c-Abl-deficient NK cells NK cells express various germline-encoded activating and inhibitory receptors, which are crucial for effector function. Activating receptors such as NK1.1, NKp46 and NKG2D are expressed on all splenic NK cells. In contrast, some activating receptors, such as DNAM-1, KLRG-1 and Ly49D, are expressed on subsets of NK cells. Individual analysis for these receptors revealed no major differences between Cre+/À c-Abl fl/fl mice and control mice (Fig. S1A, B) . In addition to activating receptors, NK cells express a variety of inhibitory receptors whose expression pattern is controlled by NK cell education process [7, 8, 26] . We used a multicolour flow cytometry panel to investigate the expression pattern of Ly49C, Ly49I, Ly49A, Ly49G2 and NKG2A in Cre+/À c-Abl fl/fl and Cre+/À c-Abl +/fl NK cells. We focussed on NK cells expressing the self-specific receptors Ly49C and Ly49I as their only receptor, as those subsets are most clearly subject to NK cell education in mice expressing H2K b , in which their frequencies are increased compared to mice lacking MHC class I [27] . Our analysis revealed no major differences in the frequency of NK cells expressing any of these five receptors as their only receptor (Fig. S1C) , including those NK cell expressing either Ly49C or Ly49I.
c-Abl-deficient NK cells display enhanced effector responses after triggering of ITAM-encoded receptors
To test whether c-Abl-deficiency would affect the ability of NK cells to mediate effector functions, we measured the capacity of c-Abl-deficient NK cells to secrete IFN-c and to degranulate after triggering of the NK1.1 receptor by antibodies. This experiment surprisingly revealed more efficient IFN-c production and degranulation in c-Abldeficient NK cells (Fig. 3A, B) . A small difference was noted for CD107 expression also after stimulation of the NKp46 receptor, but the response to NKp46 stimulation in our set-up was poor and this difference was not statistically significant. Stimulation with IL-12+IL-18 and with PMA/Ionomycin did not reveal any difference between the genotypes, suggesting that c-Abl deficiency impacted on responses downstream of ITAM signalling specifically. Adding IL-15 as a priming factor increased the response, but did not override the difference between c-Abl-deficient and sufficient NK cells (Fig. 3B) . NK cells from c-Abl-deficient mice also contained slightly more IFN-c per cell (Fig. 3C) , substantiating the increased frequency of responding NK cells.
We next tested whether the increased response after NK1.1 triggering was paralleled by an enhanced capacity to flux calcium. We first verified that NK cells from MHC class I-deficient mice showed decreased capacity to release intracellular calcium upon NK1.1 triggering compared to B6 mice (Fig. 4A) , confirming previous data showing that lack of NK cell education is manifested at the level of early ITAM signalling [11] . When we compared c-Abl-deficient and sufficient NK cells for calcium flux response after NK1.1 cross-linking, we found that they responded similarly (Fig. 4B) , suggesting that c-Abl deficiency may affect the IFN-c response downstream of calcium flux. Finally, we performed a killing assay against YAC-1 cells. We did not find any major difference in the capacity of c-Abl-deficient NK cells to kill YAC-1 cells, suggesting that the slightly enhanced CD107 degranulation response downstream of ITAM-encoded receptors did not translate into a generally increased tumour cell killing capacity (Fig. S2) .
Inhibitory receptor signalling in c-Abl-deficient NK cells
Because our data suggested that c-Abl was dispensable for NK cell education, we directly investigated the basic Ó 2017 The Foundation for the Scandinavian Journal of Immunology premises for our study, that is the involvement of c-Abl in inhibitory signalling in NK cells [21] . To test this, we developed an in vitro assay in which inhibition of early calcium flux after NK1.1 stimulation could be measured after cross-linking of inhibitory receptors. Using fluorochrome-conjugated antibodies against the inhibitory receptors, we were able to gate on the inhibitory receptor-positive NK cells and subsequently compare calcium flux on NK cell in the absence and presence of inhibitory signalling (Fig. 4D) . Using this setting, we analysed the capacity of three commonly expressed inhibitory receptors, Ly49A, Ly49G2 and NKG2A, to suppress calcium flux induced by the activating receptor NK1.1. A cross-linker was chosen that would cross-link both NK1.1 and the inhibitory receptors in the same setting. Using this assay, we found that all three receptors were able to inhibit ITAM-mediated NK cell activation. In addition, there was no difference in inhibitory capacity of these receptors in c-Abl-deficient NK cells (Fig. 4E) , suggesting that c-Abl does not participate in inhibitory signalling in murine NK cells.
Discussion
In the present study, we created mice lacking the c-Abl non-receptor tyrosine kinase specifically in NK cells to test whether c-Abl played an intrinsic role in NK cell education and NK cell function. One starting point for our study was the demonstration that c-Abl was part of the inhibitory signalling cascade in human NK cells, providing a mechanisms for direct disarming of NK cells by means of phosphorylation of the adaptor protein Crk [21] . Because NK cell education is directly controlled by inhibitory receptor signalling, we hypothesized that NK cell education would be perturbed in mice lacking c-Abl specifically in NK cells. In contrast, a previous study in the mouse did not find a role for c-Abl in NK cell function [19] , and the situation thus seemed unclear.
As expected from its use in many conditional gene deletion models, heterozygous expression of the Cre transgene in NKp46+ cells was sufficient to mediate deletion of the floxed c-Abl gene in NK cells without affecting the genomic structure in T cells. This deletion was accompanied by an NK cell-specific lack of c-Abl transcripts. If c-Abl would have played a role in NK cell education, we thus envisaged reduced function [27, 28] and perturbed inhibitory receptor expression patterns in c-Abldeficient NK cells [10, 11, 28] . We did not observe any such changes and concluded that c-Abl was dispensable for NK cell education by MHC class I molecules, at least as measured by these parameters.
To substantiate our results, we directly tested whether c-Abl was involved in inhibitory signalling in mouse NK cells, as suggested for human NK cells [21] . To quantify inhibition, the readout for NK cell activation must be quantitative and should be measured as close to the activation event as possible. The release of the Ca 2+ from intracellular stores represents an early event in NK cell activation, which rapidly conveys signals that translates into effector functions, such as granule release and translation of cytokine genes [29] . Increase in intracellular Ca 2+ can be quantified by flow cytometry by means of the increase in fluorescence from the dye Fluo-4 that is added to the cells [30] , allowing quantifying measures of NK cell activation in real time. By adding fluorescently labelled antibodies against both activating and inhibitory antibodies to the cells before cross-linking, NK cell inhibition of Ca 2+ flux via Ly49 or NKG2A receptors could potentially be determined. This assay turned out to be surprisingly robust, allowing us to conclude that c-Abl deficiency was dispensable for NK cell inhibition via the receptors Ly49A, Ly49G2 and NKG2A. This is the first report to our knowledge in which an assay to directly quantify the inhibitory input on NK cell activation is described.
In the model proposed by Peterson and Long, signalling via inhibitory KIR receptors would lead to inhibition via, on one hand, dephosphorylation of Vav and on the other hand by c-Abl-mediated disruption of a protein complex consisting of Crk, c-Cbl and C3G, which is associated with NK cell activation [21] . We failed to provide evidence for an inhibitory role of c-Abl in NK cell activation, but instead found that c-Abl-deficiency led to slightly enhanced production of IFN-c and CD107 expression triggered by cross-linking of two ITAM-encoded receptors. Our data thus suggest that c-Abl might downregulate NK cell function also in mouse NK cells, but not in the context of inhibitory receptor signalling, but as part of the activating receptor signalling itself. We did not see a reduction in Ca 2+ flux after ITAM-mediated activation of c-Abl-deficient NK cells, suggesting that the dampening effect of c-Abl may lie downstream of calcium signalling. However, because the enhancing effect by c-Abl deficiency on IFN-c secretion and degranulation is small, it is possible that proximal effects, which would include Ca 2+ response, may be affected but are masked by the technical variability of the Ca 2+ flux assay. Further work will be required to dissect at which level and via which molecular pathways c-Abl may downregulate NK cell effector responses downstream of ITAM signalling. In any case, we conclude that our data failed to provide any role for the c-Abl nonreceptor tyrosine kinase in inhibitory signalling of mouse NK cells, and consequently, it did not play a role in NK cell education driven by these inhibitory receptors. Thus, inhibitory receptor signalling downstream of KIR and Ly49 may be differently regulated, or at least that the role of c-Abl in these two pathway differs between human and mouse NK cells.
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Figure S1 Figure S2 Killing of YAC1 cells by c-Abl-deficient and sufficient NK cells. The x-axis represents effector: target ratio and the y-axis represents percentage of specific lysis. Data was generated from one experiment with 2 + 2 mice.
